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Eosinophils are found in abundance in the gut. In this issue of Immunity, Chu et al. (2014) report that eosin-
ophil-deficient mice have impaired intestinal immunoglobulin A production, accompanied by a disrupted
mucosal layer and alterations in microbiota density and composition.Eosinophils constitute about 5% of the
immune cells present in the healthy small
intestine of mice, a higher number than is
found either in the circulation or in any
other peripheral tissue. The reason why
eosinophils are present in abundance in
intestinal tissues in the absence of infec-
tion and in mice lacking commensal bac-
teria has been puzzling. However, these
cells are multifunctional, with the ability
to produce a large variety of cytokines
and that can cause both tissue damage
and repair (Rothenberg and Hogan,
2006). Recent work shows that eosino-
phils also contribute to homeostatic pro-
cesses. For example, eosinophils are
required for plasma cell maintenance in
the bone marrow (Chu et al., 2011), and
maintain alternatively activated macro-
phages in adipose tissue to promote
metabolic homeostasis (Wu et al., 2011).
Clearly, eosinophils are integrated into
homeostatic processes beyond effector
roles in parasite defense. The eosino-
phil-deficient DdblGATA-1 and PHIL
mouse strains are a valuable tool to
address eosinophil function in health and
disease. In this issue of Immunity, Chu
et al. (2014) use these mice to show that
the absence of eosinophils impacts intes-
tinal immune homeostasis at steady state,
associated with changes in gut-associ-
ated lymphoid tissue (GALT), intestinal
antibody production, mucosal integrity,
and maintenance of commensal bacteria.
The ability of eosinophils to regulate
GALT and intestinal antibody production
is of great interest. Secretory immuno-
globulin A (SIgA) is the most abundant
antibody isotype produced in mam-
mals and promotes dynamic interactionsbetween the mammalian host and gut
commensal bacteria (Fagarasan et al.,
2010). Indeed, T cell-dependent IgA im-
pacts the composition and density of mi-
crobial flora in the gastrointestinal tract,
and the bacteria activate T and B cell im-
munity in GALT—thus generating a ‘‘regu-
latory loop.’’ Impaired or dysregulated IgA
production therefore impacts mucosal
barrier integrity and affects intestinal and
systemic homeostasis. Chu et al. (2014)
report that mouse strains devoid of eosin-
ophils have reduced T cell-dependent
IgA production in PPs and impaired IgA-
expressing plasma cell survival and SIgA
production.
The major sites for intestinal IgA gen-
eration are the Peyer’s patches (PPs)—
specialized lymphoid follicle aggregates
located beneath the intestinal epithelial
layer. Local immune sensors and signals
in the lamina propria (LP) of intestinal villi
and PPs determine T cell function and
consequently IgA generation and quality
via the AID-dependent mechanisms of
class-switch recombination and somatic
hypermutation followed by affinity matu-
ration. Chu and colleagues found that
both the DdblGATA-1 and PHIL eosino-
phil-deficient mouse strains had reduced
numbers of IgA plasma cells in the LP of
the small intestine. This was associated
with reduced SIgA output, less IgA adher-
ence to fecal bacteria, and a higher bacte-
rial load with an altered composition and
disruption of the mucus layer. This raises
the following question: how do eosino-
phils regulate IgA? Eosinophils appear
to affect IgA plasma cells through direct
cellular association because immuno-
fluorescent analysis of intestinal tissueImmunityshowed colocalization of IgA plasma cells
with eosinophils in the LP in bothmice and
humans. Similar to their counterparts from
the bone marrow, gut eosinophils were
found to produce a proliferation-inducing
ligand (APRIL) and interleukin-6 (IL-6),
two factors that promote maturation
and survival of plasma cells (Chu et al.,
2011). In addition to its role in IgA plasma
cell maintenance, APRIL, in synergy with
BAFF and TGF-b1 (produced also by
eosinophils and activated via eosino-
phil-derived matrix metalloproteases), is
known to support IgA class switching in
response to T cell-independent antigens
directly in the LP (He et al., 2007). Indeed,
B cells preferentially switched to the IgA
isotype when cocultured with eosinophils,
and in vitro and in vivo survival of IgA
secreting cells was also dependent on
eosinophils.
Eosinophils might also impact IgA pro-
duction independently of direct contact
with B cells or IgA plasmablasts or plasma
cells. PPs, which act as specialized
T cell-dependent IgA production sites,
were reduced in size and cell number
in eosinophil-deficient mice. Furthermore,
follicular helper T (Tfh) cells in PP germinal
centers (GCs) acquired a T helper 2
(Th2) cell-like gene expression character-
ized by reduced SOX-4 expression and
increased expression of GATA-3, IL-4,
and IL-5. These changes in gene expres-
sion correlated with B cells shifting away
from IgA production toward IgG1 produc-
tion—frequently associated with immune
response tomulticellular parasites. Hence
the number and function of lymphocytes
in PPs was altered in eosinophil-defi-
cient mice, even though eosinophils are40, April 17, 2014 ª2014 Elsevier Inc. 455
Figure 1. A Model to Integrate Eosinophil Function with Intestinal IgA Production
(A) Gut eosinophils produce metalloproteases (i.e., MMP9), which, by activating TGF-b1 presented by
local SCs or dendritic cells (DCs), might support induction and maintenance of Foxp3+ T cells in GALT
LP or PPs.
(B) In the PPs, activated Foxp3+ T cells differentiate into Tfr cells and seed the germinal centers, in which,
by regulating the quality of Tfh cells (i.e., IL-21 versus IL-4 production), contribute to IgA class-switch
recombination and selection of IgA-expressing B cells upon somatic hypermutation introduced by AID.
(C) By secreting IL-6 and APRIL, LP eosinophils promote IgA plasma cell survival and perhaps maturation
of plasmablasts into plasma cells.
(D) SIgAs generated in the presence of eosinophils promote colonization and diversification of Gram-pos-
itive bacteria by restricting Gram-negative bacterial overgrowth.
(E) Gut eosinophils also stimulate mucus production—an important physical and chemical barrier modu-
lating the complex crosstalk between the external environment and the host immune system.
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One possibility is that eosinophils regulate
IgA production indirectly by programing
PP precursor cells in the LP. Alternatively,
eosinophils impact the gut microbiota
independently of PPs, and in the absence
of eosinophils, increased bacterial load
and changed bacterial content alters PP
maturation and function.
A striking finding of the work by Chu
and colleagues is that in addition to IgA+
lymphocytes, numbers of mucosal-asso-
ciated T cells were vastly reduced in LP
of eosinophil-deficient mouse strains. In
normal situations, a significant fraction of
CD4+ T cells in LP are regulatory cells ex-
pressing the transcription factor Foxp3.
Some of the Foxp3+ cells are induced
in situ in response to signals derived
from bacteria and dietary components
(i.e., Toll-like receptors [TLRs], short-
chain fatty acids, or retinoic acid). The
absence of gut eosinophils correlated
with a significant and specific reduction
of Foxp3+ CD103+ T cells in the LP and
PPs that might be caused by changes
in the cytokine milieu in the absence of
eosinophils.456 Immunity 40, April 17, 2014 ª2014 ElsevFoxp3+ T cells not only control the
activity of other T cell subsets, but also
regulate B cell responses in the PP GCs
through their capacity to differentiate
into T follicular regulatory (Tfr) cells and
sometimes Tfh cells. Tfr cells control GC
responses by limiting the number and
the quality of Tfh and thus the selection
of B cells (Kato et al., 2014). Whether the
skewed Tfh phenotype observed in eosin-
ophil-deficient mice is also caused by a
decrease in Tfr cell number and quality
in the GC of PPs remains to be deter-
mined. Such changes in GC T cells might
alter the selection of IgAs in PPs, gener-
ating IgA plasmablasts that would likely
fail to differentiate into plasma cells in
the LP.
The findings by Chu and colleagues
further shift the dogmatic view of eosino-
phils as cells associated with defense
against helminth infection or immunopa-
thology to cells essential for homeostasis
(Figure 1). There are several remaining
questions. For example, which exogenous
signals regulate eosinophil accumulation
at the mucosal barrier in homeostasis?
Precisely how do eosinophils supportier Inc.mucosal T cell presence and function?
Why do only some intestinal villi harbor
eosinophils and IgA?
Eosinophils likely sustain IgA responses
by producing TGF-b1 and promoting its
processing to the active form via TLR-
dependent MMP production. Could
eosinophil-derived MMP via TGF-b1 acti-
vation or production of other cytokines
(e.g., TGF-a) also be important for regula-
tion of stromal extracellular matrix in the
gut? From these studies arises the possi-
bility that the GALT in eosinophil-deficient
mice subsides due to deterioration of the
extracellular matrix. The ability of eosino-
phils to maintain and regulate stromal
cells (SCs) might provide further mecha-
nistic insight as to how intestinal homeo-
stasis is compromised in eosinophil-defi-
cient mice. Indeed, a role for eosinophils
in tissue regeneration was recently high-
lighted (Heredia et al., 2013) suggest-
ing that tissue regeneration might be an
adaptation to ubiquitous multicellular par-
asites (that inflict damage to tissue).
Chu and colleagues observe that in the
absence of eosinophils the mucus layer is
impaired despite a normal number of
mucus-producing goblet cells. Whether
this is because of a mucus regulatory
defect in eosinophil-deficient mice or
because of dysbiosis in these mice re-
mains to be determined. The dysbiosis
observed in eosinophil-deficient mice is
characterized by a considerable reduc-
tion of Gram-positive bacteria, possibly
Firmicutes. This phylum contains the
most diverse bacterial species in the gut,
raising the possibility that in the absence
of eosinophils and the ensuing IgA and
T cell deficiency, the host cannot sustain
diversified bacterial communities in the
gut. Further studies will be required to
determine how eosinophils and specific
arms of the acquired immune system
modulated by eosinophils contribute to
establishment of symbiotic relationships
with gut bacteria.
It is a curious point as for what purpose
eosinophils help preferentially restrict
Gram-negative bacterial growth in favor
of Gram-positive bacteria. Helminths are
reported to regulate bacterial content,
and this might impact helminth fitness—
it is not known whether eosinophils are
involved in this adaptive process. One
emerging hypothesis is that eosinophils
can promote mutualism with helminths.
Hence, by regulating bacterial content,
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Previewseosinophils might selectively impact
worm fitness during chronic infection. It
will be helpful to recapitulate similar anal-
ysis of eosinophil-deficient mice in patho-
physiological contexts such as helminth
infection.
Recent work establishes a link between
nutrient intake and eosinophil homeo-
stasis (Nussbaum et al., 2013). Diet is
an important factor regulating intestinal
health, which in turn is thought to impact
autoimmune and inflammatory disease
susceptibility. The role of eosinophils
in diet-related intestinal dysbiosis is un-
clear. It will be fascinating to learn how
eosinophil function is directly affected
by changes in availability of dietary me-
tabolites such as in low-fiber, high-fat,
restricted nutrient diets. The link between
micronutrient deficiency and type 2barrier immunity was recently highlighted
(Spencer et al., 2014). The role of eosino-
phils in adapting dynamically to dietary
changes and microbial presence or
absence in the gut clearly could help
elucidate mechanisms driving autoimmu-
nity and inflammatory diseases, as well as
infection and immunity in malnourished
regions.
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Segmented filamentous bacteria (SFB) contribute to immune-system maturation. In this issue of Immunity,
Goto et al. (2014) and Le´cuyer et al. (2014) provide evidence for how SFB induce antigen-specific T helper
17 cells and promote development of adaptive immunity at discrete mucosal sites.Powerful signals from the microbiota
instruct architectural and functional fea-
tures of the mammalian immune system
(Lee and Mazmanian, 2010). Though the
human and mouse microbiota contain
several hundred species, only a handful
of microorganisms have been experimen-
tally shown to have immune-modulating
capabilities. Segmented filamentous
bacteria (SFB) are unique, compared to
other microbes, in their ability to induce
germinal center activation in Peyer’s
patches (PPs) of mice (Talham et al.,
1999), increase production of immuno-
globulin A (IgA) (Klaasen et al., 1993),
and contribute to the expansion and func-
tion of mucosal T cells (Umesaki et al.,
1999). Unlike other T helper cell subsets,T helper 17 (Th17) cells, which have
been linked to both mucosal resistance
to enteric pathogens and to autoimmunity
in mice, are acutely responsive to the mi-
crobiota and to SFB in particular. Germ-
free animals are essentially devoid of gut
Th17 cells (Ivanov et al., 2008), and inter-
est in SFBwas rekindledwhen two groups
showed that this microbe specifically
induced Th17 cells in the small intestine
of mice (Ivanov et al., 2009; Gaboriau-
Routhiau et al., 2009). Subsequent work
showed that SFB promote Th17 re-
sponses at extraintestinal locations dur-
ing autoimmune inflammation (Lee et al.,
2011; Wu et al., 2010), and although the
site of induction is unknown, a gut origin
is likely. In this issue, two papers extendunderstanding of how specific members
of the gutmicrobiota educate themucosal
immune system. Goto et al. (2014), and
Le´cuyer et al. (2014), show that SFB
induce adaptive immune responses at
specific, and unconventional, mucosal
sites, likely involving a process that re-
quires presentations of SFB antigens.
Mice and humans are born with an
immature gut-associated lymphoid tissue
(GALT) that develops simultaneously as a
complex microbiota of several hundred
bacterial species is forming after intro-
duction to gut microbes after birth. The
concurrent development of both the im-
mune system and microbiota suggests
that postnatal maturation of the host
might, in part, depend on input from gut40, April 17, 2014 ª2014 Elsevier Inc. 457
